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TTCS General overview
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Wake heat 
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Ram heat 
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AMS-Tracker Thermal 
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detection
surface

The AMS-2 Silicon 
Tracker

Radiators for the Tracker (2x1.25 m2)

144 
Watt

192 Hybrids
producing 
each 0.75 
Watt of heat  
(144 W total)
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Thermo Electric Cooler (TEC)

2-Way Valve (VLV) 
Centrifugal pump (PMP) 
with integrated check 
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Project Objectives: 
AMS-Silicon Tracker 

Thermal Requirements

Silicon wafer thermal 
requirements:

• Operating temperature:
-10 ºC / +25 ºC

• Survival temperature:
-20 ºC / +40 ºC

• Temperature stability:
3 ºC per orbit

• Maximum accepted gradient 
between any silicon: 
10.0  ºC

• Dissipated heat:
2.0 Watt EOL

Hybrid circuit thermal 
requirements:

• Operating temperature:   
-10 ºC / +40 ºC

• Survival temperature:
-20 ºC / +60 ºC

• Dissipated heat: 
144 W total (±10%),
0.75 W per hybrid pair
(S=0.47 W, K=0.28 W)

Star Tracker thermal 
requirements:

• Operating temperature:
-30 ºC / 40 ºC

• Survival temperature:
-40 ºC / 100 ºC

• Dissipated heat:
6.8 W total, 3.4 W per ASTS
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TTCB (Component box)  
thermal requirements:

• Operating temperature:
-50 ºC / +25 ºC

• Survival temperature:
-50 ºC / +80 ºC

• Allocated power:
70 Watt 

TTCE  (Control electronics) 
thermal requirements:

• Operating temperature:
-20 ºC / +55 ºC

• Survival temperature:
-40 ºC / +80 ºC

• Allocated power:
3.5 Watt

Condenser  thermal 
requirements:

• Operating temperature:
-50 ºC / +25 ºC

• Survival temperature:
-100 ºC / +80 ºC

Evaporator thermal 
requirements:

• Operating temperature:
-20 ºC / +25 ºC

• Survival temperature:
-40 ºC / +80 ºC

TTCS Thermal Requirements
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TTCS Structural Requirements
(Applicable documents)

• Pressurized components designed and tested according to:
MIL-STD-1522A.
(Standard General Requirements For Safe Design And Operation Of 

Pressurized Missile And Space Systems)
• Pressurized stainless steel welds are manufactured and 

tested according to:
PRC-0010, Rev. A., class B.
(Process Specification for Automatic and Machine Arc Welding of 

Steel and Nickel Alloy Flight Hardware)
• Pressurized aluminium welds (5083) will be manufactured 

and tested according to:
MSFC-SPEC-504C.

• Non Pressurized hardware is designed according to:
JSC-20545 Rev A.
(Simplified Design Options for STS-Payloads)
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MDP as a function of filling rate and maximum occuring 
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Other TTCS design criteria:
- Maximum Design Pressure (MDP): 160 bar (@ 80°C )
- Proof Pressure 1.5 X MDP 240 bar
- Burst Pressure 2.5x MDP (comp) 400 bar
- Burst Pressure 4 x MDP (tubing) 640 bar
- TTCS Volume per system: 1.9 Liter
- Accumulator Volume 1.3 Liter
- TTCS CO2 filling per system: 874 gram 
- Allowed system leak rate: 1*10-6 mbar*l/s
- Mission duration: 5 Years 



Tracker Thermal Control System
TTCS

TTCS Critical Design Review

05-Mar-04 13

TTCS Evaporator
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Silicon Ladders

Heat producing hybrids

Tracker carbon fiber 
support structure

Thermal bar 
connection to 
permanent magnet 
(Will be the 
interface to the 
TTCS in AMS-02)

Photo of the AMS-1 
Silicon Tracker
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Silicon detection
surface

The AMS-2 Silicon Tracker

192 Hybrids producing each 
0.75 Watt of heat  (144 W total)
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Outer plane 
evaporator rings

Outer plane
thermal bars 
and hybrids

Inner plane silicon

Inner plane thermal 
bars and hybrids

Tracker –TTCS 
connections

Inner plane 
evaporator rings

TTCS-Evaporator
(2 circuits, 1 redundant)
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Inner plane 
thermal bars

TTCS Evaporator

Outer plane 
thermal 
bars

Top 
evaporator 
loops

Bottom 
evaporator loops
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+Y
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Connection tubing 
between inner and 
outer ring

Outer ring 
evaporator

Inner ring 
evaporator

Tube connection 
to the TTCS box

TTCS Evaporator 
Assembly
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Internal thermal bar design for AMS-2 Tracker

Bart Verlaat, June 2002

Thermal conductor (Al6061+TPG inserts)

Thermal bar 
support bracket 
(Al6061)

Thermal bar 
stiffener and 
cable support

Hybrid box

Evaporator interface
(OFHC Copper)

Flexible thermal connector
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Captive screw assembly ASM08; a self-clinching M3 nut 
(PEM-CLA-M3-1), a machined M3x16 bolt (DIN912), a 
compression spring and an extra spacer. The bolts are 
torqued with 50Ncm, to obtain a good thermal contact

Optional Dallas temperature 
sensor (DS18S20/TO92) glued 
in the 5mm hole after soldering 
with AV138m/HV998 glue

Thermal interface filler 
(ChoTerm 1671), with 
adhesive to the copper 
bridge 

Cover (ASM0502) soldered to 
the thermal bridge (ASM0503) 
with AgSn (Castolin 157) solder 
together with the 2 evaporator 
tubes

Evaporator tubes

Thermal bar ends

Thermal bridge 
(ASM0503)

Internal evaporator interface
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TTCS Outer Plane Evaporator 

Thermal Bridge

Evaporator Block

Evaporator 
Support Plate

Evaporator 
Support Bracket

Leave Spring

Outer Plane 
Thermal Bar

Copper Braid
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ASTS Thermal InterfacesASTSASTS Thermal InterfacesThermal Interfaces

VC

ASTS-TTCS 
Evaporator
interface

Star Tracker 
Electronics
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Evaporator 
in and outlet 
connections

Spirals for flexibility 

Inner evaporator 
connection tubes on the 
Tracker flange

Evaporator interface 
support bracket for 
clamping  and strain relieve 
of the interface and inter 
connection tubes

Evaporator tube 
routing on the
Tracker flange
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Evaporator interface support bracket
(Clearance to the magnet flange)

Evaporator interface support 
bracket location with respect 
the the magnet flange ribs

Evaporator tube 
routing on the 
magnet flange

22.5°

24°
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Inner evaporator connection tubes

The tubes gap is widened for assembly 
displacement and orbital welding 
access. For assembly it is necessary to 
move the 2 inner evaporator halves 
together to be able to fit with 
clearance between the thermal bars. 
This section allow the tubes to be 
deformed.

Displacement

2 mm

2 mm

Central Tube Clamp
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Full scale prototype of a thermal 
bar array in the NIKHEF Thermal 
vacuum chamber

Detailed view of the thermal bar evaporator 
interface.

Inner thermal bar 
prototyping
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TTCS Inner ring 
evaporator 
prototyping



Tracker Thermal Control System
TTCS

TTCS Critical Design Review

05-Mar-04 29

Weld connector concept

GTAW Orbital weld detail
Laser weld detail
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Evaporator laser weld qualification samples

A A
Section A-A:

Evaporator orbital weld qualification samples

B

Section B-B:

B
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Foto: Dan Rybicki (NASA)
Laser weld detail

3mmx0.2mm tube

Weld connector sleeve
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Section B

Orbital welding tool

Section C

Section A
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Laser weld apparatus at the Shell 
Research Laboratory 

Swagelok orbital weld apparatus 
at the Shell Research Laboratory 

Orbital welding and Laser welding at KSLA 
(Shell research laboratory) in Amsterdam



Tracker Thermal Control System
TTCS

TTCS Critical Design Review

05-Mar-04 34

TTCS Radiator & Condenser
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TTCS Radiator Concept

Embedded heat 
pipe radiator panel

Carbon fiber 
support 
struts

TTCS CO2 Condenser Assemblies
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Stella Van Bekkum & Bart Verlaat, NIKHEF 23-10-03

Condenser/Radiator 
Mounting Interface

8 (or 7?) Similar Condenser Units

#8-36UNF (14x) 
Mounting Inserts

CHO-TERM 1671PSA 
Interface Filler

Condenser Unit Detail

TTCS Radiator Concept
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Heat pipe

Condenser heat 
exchanger

Condenser assembly frame 

Radiator outer 
face sheet 
(0.8mm Aluminum)

Radiator inner face sheet 
(0.2 mm Aluminum)

Radiator foam core 
(14 mm Rohacel)

Radiator 
support 
struts

TTCS Radiator Concept
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Condenser mounting concept
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Stella Van Bekkum & Bart Verlaat, NIKHEF 23-10-03 TTCS Condenser Unit

Vapor Inlet

Liquid Outlet

Heatpipe-like profile made 
by spark-wire cutting 

Alu. – Alu. weld

Alu. - CRES 
inertia weld

CRES orbital weld 

Vapor Lock filter

Condenser 
Core-Rod
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Stella Van Bekkum & Bart Verlaat, NIKHEF 23-10-03

TTCS Vapor Lock Detail
Swagelok Filter

Filter Retaining Spring

Spring Bus 
Retaining Clip

Spring Bus

Condenser Core-Rod

Condenser heat 
exchange profile
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Condenser 
prototype
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Vapor inlet 
internal detail

Liquid outlet 
internal detail

Condenser 
prototype
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Aluminum weld

Aluminum/CRES 
inertia weld

AA 6061

AA 6061

Condenser 
prototype
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Condenser: Freezing test set-up with strain gauges

Condenser 
prototype
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Condenser 
Assembly 
Frame

In- and 
outlet tubes

Liquid 
outlet side

Vapor 
inlet  side

TTCS Condenser Assembly
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Condenser installation in radiator support bars without radiator panel

Temporary cross bar fixed 
to upper radiator brackets 
and condenser frames
(Removed after radiator is installed)

Permanent condenser 
mounting to lower support
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Tube and cable routing 
via lower port side 
radiator support strut 

Starboard condenser 
tube and cable routing 

Condenser tube routing overview
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Liquid outlet tubes have down 
slope routing only, no condenser 
flooding is possible due to 
gravitation during ground testing

Liquid to TTCS 
box and pump
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TTCS & Radiator installation overview

1. Condenser is installed in its final location, using the 
radiator support struts and a GSE cross bar. The radiator 
panel is not in place allowing easy access to TTCS 
hardware for installation and testing purposes. A cold 
plate will be installed on condensers for TTCS 
performance testing.

2. Once the TTCS is completely installed and tested, the 
radiator panel can be installed. The condensers will be 
clamped to the panel via bolts from the outside.

3. The GSE cross bar will be removed after final mounting of 
the radiator panel. 

1

2
3
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TTCS Electro Mechanics
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TTCS power 
distribution box
(TTPD)

TTCS Control 
Electronics box
(TTCE)

Crates on the 
main wake radiator
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TTCS Component Box
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TTCSP Component Box

Heat exchanger

Pumps Pump control valves

Experiment valves

Pre-heater sections

AccumulatorPeltier elements

Evaporator / 
Condenser 
connections

TTCB 
envelope

Radiator control 
valves

TTCB 
base plate

USS lower 
trunnion
bridge
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TTCS System Overview

36
0 
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Primary TTCS box concept (TTCBP)

Heat exchanger

Pumps

Pump 
control 
valves

Experiment valves

Pre-heater sections

Accumulator

TTCB 
envelope

Radiator control 
valves

TTCB 
base plate
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Primary TTCS box concept (TTCBP)

Accumulator
Peltier elements
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Primary TTCS box concept (TTCBP)

TTCB base plate mounting holes 
to the generic hole pattern of the 
USS lower trunnion bridge
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TTCBS

Tracker 
radiator

Condenser

TTCE TTPD

TTCS 
component 
box

Box concept detail



Tracker Thermal Control System
TTCS

TTCS Critical Design Review

05-Mar-04 61

TTCS Box envelopes

Primary TTCS 
Component Box

(TTCBP)

WAKERAM

TTCS Envelope location

X

Y

Z

Y

Secondary TTCS 
Component Box

(TTCBS)

Starboard

Port
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TTCB 
envelope 

dimensions
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Top View (–Z)
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TTCS Box magnetic field map
+Z

+X

+Y

Magnetic field facts:
•Min: 141 Gauss
•Max: 998 Gauss
•Average: 371 Gauss
•Average X: 100 Gauss
•Average Y: 308 Gauss
•Average Z: -150 Gauss
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• Pacific Design Technologies (PDT) in Goleta(Ca) has been contracted to develop 
the TTCS pumps.

• The TTCS pump will be a modified Mars Pathfinder and MER centrifugal pump, 
optimized for the TTCS flow- and differential- and system pressure range, but 
with the reliability of the proven Mars pumps, which have operated successfully 
during the missions to Mars in 1997 and 2003.

TTCS Circulation pump
PDT Model 5059-1

Two Stage Centrifugal CO2 Pump
Calculated Performance

28 Vdc, Inlet Pressure = 10 psi above Sat. Liq.
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TTCS Tube Routing
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TTCS tube routing

WAKE

RAM

Primary TTCS

Secondary TTCSCircular tube routing using outer 
cylinder generic hole pattern

Circular tube routing using 
former ACC/PMT  mounting 
hole pattern

Tube support beam

Condenser tubes supported 
by radiator diagonal strut
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Tube Support Beam Properties:
- Square tube: 60x60x2mm, 
- Length: 1.3mm
- Material: AA6061
- Beam assembly mass: 2 kg
- 1st resonance frequency: 62 Hz
- Displacement under 40g: 2.6mm
- Tube and fastener load: 2.3 kg
- MS (Ultimate): 2.6
- MS (Yield): 3.3

Beam mounting using GSE 
holes of cold mass strap 
installation tool

TTCS tube support beam 
for Z-directional tube 
routing

Introduction of a Z-
directional sliding or 
flexible joint for VC load 
decoupling (Not shown)

TTCS
Box


